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Abstract: This paper proposes a new storage allocation rule based on target storage curves. Joint 
operating rules are also proposed to solve the operation problems of a multi-reservoir system with 
joint demands and water transfer-supply projects. The joint operating rules include a water 
diversion rule to determine the amount of diverted water in a period, a hedging rule based on an 
aggregated reservoir to determine the total release from the system, and a storage allocation rule to 
specify the release from each reservoir. A simulation-optimization model was established to 
optimize the key points of the water diversion curves, the hedging rule curves, and the target 
storage curves using the improved particle swarm optimization (IPSO) algorithm. The 
multi-reservoir water supply system located in Liaoning Province, China, including a water 
transfer-supply project, was employed as a case study to verify the effectiveness of the proposed 
join operating rules and target storage curves. The results indicate that the proposed operating 
rules are suitable for the complex system. The storage allocation rule based on target storage 
curves shows an improved performance with regard to system storage distribution.  
Key words: reservoir operation; joint operating rules; simulation-optimization model; improved 
particle swarm optimization  
 
1 Introduction 
Inter-basin water transfer-supply projects are mainly meant to rectify the imbalance 
between supply and demand in the water shortage region, so as to realize appropriate 
allocation of water resources. For a multi-reservoir water supply system with transfer-supply 
projects, joint operating rules should answer three basic questions: (1) the amount of water to 
be diverted in a period; (2) the total amount of water supplied to meet the joint demands; (3) 
and the amount of water to be released from each individual reservoir. The three questions are 
connected to one another, so they should be addressed at the same time. 
Operation policy is essential for reservoir operation as the impact of the operation on the 
society and economy is significant (Sui et al. 2013). Some types of reservoir operating rules 
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have been discussed in previous studies (Lund and Guzman 1999).  
Previous research on the water diversion rule to determine the amount of water to be 
transferred has mainly been focused on systems of separated recipient reservoirs without joint 
demands (Xi et al. 2010; Sadegh et al. 2010; Li et al. 2009). 
Hedging rule curves are often employed to trigger the hedging rule, and are often applied 
in operation of a single reservoir to determine the release to meet the demands (Tu et al. 2003). 
However, for the multi-reservoir system with joint demands in this study, the reservoir 
aggregation method is an effective approach for transforming a multi-reservoir system into an 
equivalent reservoir (aggregated reservoir) (Brandão 2010; Guo et al. 2011b). The reservoir 
aggregation method performs well in determining suitable total release from a water    
supply system. 
For parallel multi-reservoir water supply systems having joint demands, that is, 
downstream demands that can be satisfied by any one or more of the multiple reservoirs, two 
rules are usually used to define the spatial distribution of reservoir storage volumes (Oliveira 
and Loucks 1997). The space rule attempts to equalize the ratio of available space in each of 
the parallel reservoirs at the end of a period to the expected inflow into each reservoir during 
the remainder of the refill season, while the New York City (NYC) rule attempts to equalize the 
probability of filling of each reservoir. Both the space and the NYC rules attempt to avoid a 
situation in which some reservoirs are spilling over while others remain unfilled (Lund and 
Guzman 1999), but they cannot be applied directly and do not provide clear indications on how 
to operate a complex system that has several purposes and heavy constraints. There is another 
frequently used method in actual application, referred to as the compensation regulation rule 
(Guo et al. 2011a), by which small-capacity reservoirs in systems supply water to meet the joint 
demand first and then the remaining water is supplied by large-capacity reservoirs. Although 
operation by this rule is simple, the results are sometimes imperfect. 
Additionally, most researchers just focus on one or two questions. Study of multi-reservoir 
systems including water transfer-supply projects should concurrently consider the three issues 
listed above. 
In this study, an improved storage allocation rule based on target storage curves (Perera 
and Codner 1996; Lund and Ferreira 1996) is proposed. Join operating rules are also proposed 
based on a water diversion rule, a hedging rule based on an aggregated reservoir, and a storage 
allocation rule. A simulation-optimization model was established for a multi-reservoir system, 
including a water transfer-supply project, located in northern China. The improved particle 
swarm optimization (IPSO) algorithm (Jiang et al. 2007) in combination with the simulation 
model were employed to optimize the decision variables, including the key points of water 
diversion curves, hedging curves, and target storage curves. Different schemes, including other 
operating rules, were also implemented to simulate the operation of the system for verifying the 
reasonability and applicability of the proposed rules. 
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2 Joint operating rules 
The joint operating rules include a water diversion rule to determine the amount of 
diverted water, a hedging rule based on an aggregated reservoir to determine the total release 
from the system to meet joint demands, and a storage allocation rule to determine the release 
from each reservoir. The water diversion rule should be employed first. The hedging rule 
curve can help in making reasonable decisions at the same time. After that, the system storage 
in the multi-reservoir system can be determined and the target storage curve can specify the 
amount of water to be released from each individual reservoir. 
2.1 Water diversion rule 
In this study, p is used to denote the number of time periods within a year. Two threshold 
vectors, ( )T1 2, , , px x x= "X  and ( )T1 2, , , py y y= "Y , were set, which constitute water 
diversion operating curves. X constitutes the curve for reservoirs without need of water 
diversion, and Y constitutes the curve for reservoirs with the need of maximum amount of 
diverted water. tx  and ty  are water storage thresholds in time period t, with the value less 
than the storage capacity, and t tx y≥  should be satisfied for any period ( )1,2, ,t t p= " . As 
shown in Fig. 1, X and Y divide the water space of the reservoir into three areas, including an 
area without water diversion, an area with decreasing diverted water, and an area with 
maximum diverted water. The amount of diverted water in each period can be estimated by 
max min
max
max
  
    
0    
t t t
t t t t t t
t t
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S S x
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≥ ≥­°
= > >®° ≥ ≥¯
                         (1) 
where tQ  and maxtQ  are the amount of diverted water and maximum allowable amount of 
diverted water in time period t, respectively; maxS  and minS  are the maximum and minimum 
storage capacity of the recipient reservoir, respectively; tS  is the initial water storage in time 
period t; and tα  is a rationing factor for water diversion in time period t, with 0 1tα< < . 
 
Fig. 1 Sketch of water diversion operating curves 
2.2 Hedging rule based on aggregated reservoir 
For joint water demands that can be satisfied by any individual reservoir, reservoir 
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aggregation is implemented for the hedging rule (Brandão 2010). Hedging rules for reservoir 
operations can be presented in different ways. The hedging rule adopted in this study used the 
beginning-of-period storage of an aggregated reservoir, which is one hypothetical reservoir 
replacing the reservoir system, as a trigger to start hedging. The total release from the 
multi-reservoir system to meet water demand in each period is specified based on the planned 
water supply (or water demand) and the relationship between the hedging rule curves and the 
existing water storage in the system. 
The proposed hedging rule based on the aggregated reservoir consists of hedging rule 
curves and rationing factors for each water demand type. For single-purpose water-supply 
reservoir operation, the water demand can be divided into various categories, such as 
agricultural, industrial, and domestic water demand. It should be noted that different kinds of 
water demand require different reliabilities and different degrees of hedging in practice. 
, ( 1,2,3)i tD i =  is used here to denote different kinds of water demand in time period t, arranged 
in the order of priority, from highest to lowest. Corresponding threshold vectors 
( )T,1 ,2 ,, , ,i i i i pz z z= "Z  were set, where 1, 2, 3,t t tz z z≤ ≤  existed in all time periods, and 1,tz , 
2,tz , and 3,tz  are the water storage thresholds of the aggregated reservoir corresponding to 
1,tD , 2,tD  and 3,tD  in time period t, respectively. As shown in Fig. 2, iZ  divides water 
space of the aggregated reservoir into four areas, where maxV  and minV  denote the maximum 
and minimum storage capacity of the aggregated reservoir, respectively. The hedging rule in 
different areas for determining the total amount of water supply to meet joint demands is 
expressed as 
1, 2, 3,
1, 1 2, 3,
1, 1 2, 2 3,
1, 1 2, 2 3, 3
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where tJ  is the total amount of water supply meeting joint demands in time period t, tV  is 
the initial water storage in the aggregated reservoir in time period t, and ( )  = 1, 2, 3i iβ  is 
the rationing factor for hedging corresponding to ( ), 1,2,3i tD i = , respectively. The value of 
rationing factors can be obtained either by optimization or according to the experts’ knowledge. 
 
Fig. 2 Sketch of hedging rule based on aggregated reservoir 
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2.3 Allocation rule based on target storage curves 
Target storage curves define the spatial distribution of reservoir storage volumes within a 
multiple reservoir system, using the fitting or optimization method (Lund and Ferreira 1996; 
Oliveira and Loucks 1997). Fig. 3 illustrates the target storage curves for a two-reservoir 
system. For a given system storage V at a given period, the curves specify the storage volumes 
of reservoirs 1 and 2 as *1S  and 
*
2S , respectively, and 
* *
1 2S S V+ = . Thus, the gradient of the 
total storage line equals 1. If the gradient of the target storage curves of the two reservoirs is 
less than that of the total storage line, then the excess water should be stored in both reservoirs. 
The amount of water stored is related to the gradient of the target storage curves. After the total 
system storage reaches point H in Fig. 3, the gradient of the target storage curve of reservoir 1 
changes to 0 because reservoir 1 has reached full capacity. Then, the change of the total storage 
is equal to that of the storage of reservoir 2. 
 
Fig. 3 Sketch of target storage curves 
In this study, the target storage curves for reservoirs in each period were defined by 
connected piecewise linear functions with end points A, B, C, and D for reservoir 2 and A, E, F, 
and G for reservoir 1, as shown in Fig. 3. For a multiple reservoir system, according to the net 
total system storage determined by the water supply rule at the end of period t, the target 
storage *, 1i tS +  of reservoir i can be computed. The remaining storage ,i tS ′  for reservoir i in 
time period t can be express as: 
, , , , ,     1,2, ,i t i t i t i t i tS S I P L i N′ = + − − = "                      (3) 
where ,i tS  is the initial storage of reservoir i in time period t, ,i tI  and ,i tL  denote the inflow 
and loss in reservoir i in time period t, respectively, ,i tP  is the amount of water supply of 
reservoir i for individual demand in time period t, and N is the number of reservoirs. By 
comparing the remaining storage and the target storage, the storage allocation rule for joint 
demands can be defined as follows: 
(1) If *, , 1 ( 1,2, , )i t i tS S i N+′ ≥ = " , all reservoirs should release water to meet joint demands 
until target storages are reached, and *, 1 , 1i t i tS S+ += . After meeting joint demands, the excess 
water is regarded as abandoned water in the system.  
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(2) If *, , 1 ( 1,2, , )i t i tS S i M+′ < = "  with M < N and *, , 1j t j tS S +′ > ( 1, 2, , )j M M N= + + " , 
no water is supplied by reservoir i in period t, and the final storage for reservoir i in period t is 
equal to the remaining storage. The water supply task is completed by the remaining 
N M− reservoirs. The amount of water to be released from an individual reservoir is related 
to its target storage, with the goal of leading the storage of the reservoir as close as possible to 
its target storage. The end-of-period storage for reservoir j in period t can be estimated by 
( )
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3 Simulation-optimization model 
3.1 Objective function and constraints 
The main purpose of water transfer is to alleviate water shortages in recipient regions. At 
the same time, water spills related to the redundant diverted water should be avoided. Then, 
the objective function is as follows: 
1 2
1 1
min
G T
j t
j t
f E Qω ω
= =
§ ·
= +¨ ¸© ¹¦ ¦                         (5) 
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where ,j tH  is the water shortage at demand node j in time period t, jE  is the shortage 
index at demand node j, ,j tD  and ,j tR  denote the water demand and the amount of water 
supply at demand node j in time period t , respectively, 1ω  and 2ω  are the weighting factors, 
G is the total number of demand nodes, and T is the total number of time periods. The 
following constraints are applied to the model: 
(1) Water balance equations: 
, 1 , , , , , , ,     = 1, 2, , ;   = 1, 2, ,i t i t i t i t i t i t i t i tS S I Q P M L W i N t T+ = + + − − − − " "      (8) 
(2) Water storage capacity constraints: 
min , max     = 1, 2, , ;   = 1, 2, ,i i t iS S S i N t T≤ ≤ " "                 (9) 
(3) Conveyance capacity constraints of the water diversion: 
max       = 1, 2, ,t tQ Q t T≤ "                         (10) 
(4) Relationship between the total amount of water supply for joint demands and that 
from an individual reservoir: 
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=¦ "                         (11) 
(5) Release constraints: 
( ), , 1       = 1, 2, , ;   = 1, 2, ,j t j t jR D j G t Tβ≥ − " "                (12) 
(6) Target storage constraints: 
*
1 , 1 , 1
1 1
    = 1, 2, ,
N N
t i t i t+
i i
V S S t T+ +
= =
= =¦ ¦ "                   (13) 
(7) System spill constraints: 
( )1 , max
1
min min ,  0        = 1, 2, ,
N
t t i t i
i
B V S S t T+
=
§ ·
′= −¨ ¸© ¹¦ "ˈ             (14) 
where ,i tW  and tB  are the spills of reservoir i and the system in time period t, respectively, 
miniS and maxiS  are the minimum and maximum allowable water storage for reservoir i, 
respectively, and ,i tM  is the amount of water supply of reservoir i for joint demand in time 
period t.  
3.2 Method solution 
In this study, the simulation-optimization model included system simulation model and 
optimization model using the heuristic algorithm. The general framework of the model is 
shown in Fig. 4.  
 
Fig. 4 Framework of simulation-optimization of joint operation 
The simulation model was used to recreate the long-term operation of the muti-reservoir 
system with the rule curves (Chau et al. 2005; Chen and Chaw 2006; Zeng et al. 2014). The 
decision variables in the optimization model include water diversion curves, water     
supply curves based on the aggregated reservoir, and target storage curves, with the  
threshold vectors ( )T1 2, , , px x x= "X and ( )T1 2, , , py y y= "Y in Fig. 1, the threshold vectors ( )T,1 ,2 ,, , ,i i i i pz z z= "Z  in Fig. 2, and the coordinates of points A, B, C, D, E, F, and G in   
Fig. 3. The procedures to simulate the operation were as follows: 
Step 1: According to the water diversion rule, the amount of diverted water was defined 
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as a function of the current storage of the recipient reservoir and maximum amount of diverted 
water, as described by Eq. (1). 
Step 2: The hedging rule based on an aggregated reservoir was used to determine the total 
water release needed to meet joint water demands during the water diversion operation, as 
described by Eq. (2).  
Step 3: Finally, the target storage of each reservoir was defined as a function of system 
storage at the end of the period and the target storage curves. Then, the allocation rule was 
used to determine the amount of water released from each reservoir. 
At the end of the current period, the simulation procedure moved to step 1, and the water 
balance terms for the next period were calculated. The simulation model proceeded in 
iterations until the end of the long-term operation, then provided the statistic indices related to 
the decision variables for the optimization model. Then, heuristic strategies were adopted to 
look for the combination of parameters that provide the best reservoir operating performance. 
Due to nonlinearity, discontinuity, and discreteness of modern simulation models used in 
solving complex problems, heuristic search procedures are developed rapidly nowadays 
(Cheng et al. 2012; Xie et al. 2012; Chen and Chau 2006). The particle swarm optimization 
(PSO) algorithm was proposed by Kennedy and Eberhart (1995). As a population-based search 
algorithm, PSO uses local and global search capabilities to find better quality solutions based 
on simulation of the social behavior of a flock of birds. However, PSO also shows premature 
convergence, especially in complex multi-peak search problems (Jiang et al. 2007; Zeng et al. 
2014). By integrating competitive evolution, decomposition, and complex shuffling into the 
standard PSO algorithm, an improved particle swarm optimization (IPSO) algorithm was 
proposed. The algorithm has greater breadth and depth when searching than the standard PSO 
algorithm (Jiang et al. 2007). In recent years, the IPSO algorithm has been widely applied to 
reservoir system operation (Zhang et al. 2011; Zeng et al. 2014).  
In this study, the IPSO algorithm (Jiang et al. 2007) was used to solve optimization 
problems. The procedures we followed are described below: 
Step 1: Initial L P×  particles within the feasible region were generated randomly, 
where L is the number of population and P is the number of particles in each population. 
Step 2: The population was sorted into one primary group and 1L −  subordinate groups. 
Step 3: The particles in each subordinate group were evolved using the standard PSO. 
Step 4: The velocity and position of each particle in the primary group were updated 
according to the information in the primary group and the subordinate groups. 
Step 5: All particles were mixed and their information was exchanged after a certain 
number of iterations. 
Step 6: If the maximum number of iterations was reached, the procedure was stopped. 
Otherwise, the procedure returned to step 2. 
More detailed steps about the algorithm are provided in Jiang et al. (2007). 
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4 Case study 
4.1 Biliuhe and Yingnahe reservoirs 
Both the Biliuhe and Yingnahe reservoirs are located in Liaoning Province, China, where 
the flood season is from July to September. The active storages of the Biliuhe and Yingnahe 
reservoirs are 644 × 106 m3 and 217 × 106 m3, respectively, while that of the Biliuhe Reservoir 
decreases to 594 × 106 m3 for flood control during the flood season. The system of 
Biliuhe-Yingnahe reservoirs functioning in parallel should supply water to meet joint demands 
for industry and agriculture, while both reservoirs are subject to individual demands for 
environmental purposes. Simultaneously, the Biliuhe Reservoir can receive diverted water 
through the water transfer-supply project. According to the requirements of design, the water 
diversion capacity over a year is about 300 × 106 m3. 
4.2 Results and discussion 
The rationing factor for water diversion has been empirically determined to be 0.5, and 
the rationing factors for the agricultural and industrial water supply are 0.7 and 0.9, 
respectively. The weighting factors 1ω  and 2ω  in Eq. (5) were finally chosen to be 80 and 1, 
respectively, based on the results of trial and error calculation. In the IPSO method, the weight 
coefficient decreases from 0.9 to 0.4 linearly with the increase of the sub-swarm iteration 
times. The weighting factors equal 2.0 in the standard PSO method. The number of 
sub-swarms was 4, and there were 150 particles in each sub-swarm. The maximum number of 
iterations was 2 000.  
In order to analyze the effectiveness of the proposed rules, different operating rules were 
employed for comparison. Five schemes listed in Table 1 were set up. According to the full 
diversion rule, the water diversion capacity has a uniform distribution over each time period 
within a year.  
Table 1 Description of different schemes 
Scheme Diversion rule Supply rule Allocation rule 
1 Proposed diversion rule Proposed supply rule Proposed allocation rule 
2 Full diversion rule Proposed supply rule Proposed allocation rule 
3 Without water diversion Proposed supply rule Proposed allocation rule 
4 Proposed rule Proposed supply rule Compensation regulation rule 
5 Without water diversion Proposed supply rule Compensation regulation rule 
Inflow data for the system were a series of hydrological records of 53 years from 1951 to 
2003. According to the distribution of runoff, the hydrological year was divided into four 
operating periods: before the flood season (May to June), the flood season (July to September), 
after the flood season (October to November), and the drought season (December to April). 
Thus, each of the decision variables for operating curves contained four variables. Water 
diversion loss was about 4%. Results of different schemes are shown in Table 2, from which 
some conclusions can be drawn. 
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Table 2 Results of different schemes 
Scheme 
Shortage index (%) Water amount (109 m3) 
Industry Agriculture Diversion Supply Spill 
1  4.95  5.66 0.24 0.67 0.28 
2 35.90 41.56 0.28 0.67 0.32 
3 57.23 62.32  0.45 0.23 
4  7.08 11.32 0.20 0.65 0.26 
5 89.15 96.50  0.44 0.24 
(1) Scheme 1 obtains the optimal index of water shortage and water supply as compared 
with other schemes, which demonstrates the superiority of the proposed rules.  
(2) The annual average amount of water diversion in scheme 1 is 0.04 × 109 m3 less than 
that in scheme 2, and the shortage index also decreases, which demonstrates that the proposed 
water diversion rule is more reasonable than the full diversion rule. 
(3) The shortage index of scheme 1 is smaller than that of scheme 4, and the shortage 
index of scheme 3 is smaller than that of scheme 5, which indicates that the storage allocation 
rule based on target storage curves is more effective than the compensation regulation rule, 
whether water diversion exists or not. 
The annual water diversion and spill processes for different years are shown in Fig. 5, 
based on the results of simulation. Water spills do not occur when the annual amount of water 
diversion reaches its maximum, such as in the years 2000 to 2003. The results also indicate 
that the trend of water diversion is contrary to that of spilling. This shows that the optimization 
of the water diversion process is reasonable and effective.  
 
Fig. 5 Annual water diversion and spill processes for different years 
In parallel multi-reservoir water supply systems, excellent operating rules should be able 
to equalize probability of spilling among reservoirs in the refill season (Lund and Guzman 
1999) and that of empty reservoirs existing in the drawdown season (Wu 1988), which 
indicates that there is a significant positive correlation between reservoirs’ storage rates (the 
ratio of the reservoir’s storage to its capacity). Distribution of storage rates under different 
allocation rules are shown in Fig. 6. x and y denote the average storage rates of Biliuhe and 
Yingnahe reservoirs, respectively, and r2 is the correlation coefficient of x and y. A higher 
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coefficient r2 indicates a more reasonable allocation of system storage. Fig. 8 shows that the 
correlation coefficient r2 of scheme 1 is almost twice as large as that of scheme 4, which 
demonstrates that the allocation rule based on the target storage curves are more effective than 
the compensation regulation rule in system storage allocation.  
As shown in Fig. 6, the storage rate of the Yingnahe Reservoir is mostly less than 0.1 and 
the average rate of the Biliuhe Reservoir is 0.82 for scheme 4. The reason is that water is 
always released from the Yingnahe Reservoir and diverted into the Biliuhe Reservoir, which 
results in a large amount of spilling from Biliuhe Reservoir (as described in Table 2). 
  
Fig. 6 Distribution of storage rates under different schemes 
Fig. 7 shows the distribution of system storage using the compensation regulation rule. 
Using the fitting method, the target storage curves corresponding to the compensation 
regulation rule are obtained as shown in Fig. 7. This implies that the allocation rule based on 
this special target storage curve can obtain the same result as the compensation regulation rule. 
Thus, the compensation regulation rule is a special case of the storage allocation rule based on 
target storage curves. The target storage curve of the storage allocation rule proposed in this 
study is obtained using the optimization algorithm, and is more reasonable than that of the 
compensation regulation rule. 
 
Fig. 7 Storage distribution of compensation regulation rule  
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5 Conclusions 
This paper proposes a set of new joint operating rules including a water diversion rule, a 
hedging rule based on an aggregated reservoir, and a storage allocation rule based on target 
storage curves. Based on the results from the simulation-optimization model established for a 
multi-reservoir system in Northern China, the following conclusions can be drawn. First, the 
proposed joint operating rules can lead to a preferable performance in comparison to other 
rules. Second, the storage allocation rule based on target storage curves is more effective than 
the compensation regulation rule. It can also lead to a higher correlation coefficient between 
the storage rates of different reservoirs in a parallel multi-reservoir system. The joint operating 
rules provide an effective method for operation of water supply systems with complex 
hydraulic characteristics. 
However there are some limitations in actual application. First, as the number of 
reservoirs increases, the efficiency of joint operating rules and optimization algorithms needs 
to be further examined. Second, one of the important assumptions in this study was that 
inflows of reservoirs in the current time period were known. Therefore, the proposed rules 
should be used in combination with a suitable runoff forecasting model in actual application. 
The following topics are suggested for further investigation of joint operating rules. This 
study integrated decision variables in several adjacent periods in all three operating rules. The 
sensitivities of these periods should be considered in detail before integration. In addition, 
further investigation of hydropower systems of reservoirs in series using an allocation rule 
based on target storage curves would be of value.  
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